With the growing demand for new antibiotics to combat increasing multi-drug resistance, a family of antimicrobial peptides known as cathelicidins has emerged as potential candidates. Expansions in cathelicidin-encoding genes in marsupials and monotremes are of specific interest as the peptides they encode have evolved to protect immunologically naive young in the harsh conditions of the pouch and burrow. Our previous work demonstrated that some marsupial and monotreme cathelicidins have broad-spectrum antibacterial activity and kill resistant bacteria, but the activity of many cathelicidins is unknown. To investigate associations between peptide antimicrobial activity and physiochemical properties, we tested 15 cathelicidin mature peptides from tammar wallaby, grey short-tailed opossum, platypus and echidna for antimicrobial activity against a range of bacterial and fungal clinical isolates. One opossum cathelicidin ModoCath4, tammar wallaby MaeuCath7 and echidna Taac-CATH1 had broad-spectrum antibacterial activity and killed methicillin-resistant Staphylococcus aureus. However, antimicrobial activity was reduced in the presence of serum or whole blood, and non-specific toxicity was observed at high concentrations. The active peptides were highly charged, potentially increasing binding to microbial surfaces, and contained amphipathic helical structures, which may facilitate membrane permeabilisation. Peptide sequence homology, net charge, amphipathicity and alpha helical content did not correlate with antimicrobial activity. However active peptides contained a significantly higher percentage of cationic residues than inactive ones, which may be used to predict active peptides in future work. Along with previous studies, our results indicate that marsupial and monotreme cathelicidins show potential for development as novel therapeutics to combat increasing antimicrobial resistance.
INTRODUCTION
Alternatives to traditional antibiotics are urgently required due to increasing antibiotic resistance and stagnation in the drug discovery pipeline [1] . Antimicrobial peptides are an emerging alternative to antibiotics, given their broad-spectrum activity, specificity and ability to kill pathogens through a variety of mechanisms, thereby slowing evolution of drug resistance [2] . Cathelicidins are a family of small, cationic antimicrobial peptides which form part of innate immune defence in vertebrates [3] . Cathelicidins are encoded as a prepropeptide consisting of three domains: the signal peptide and cathelin domain are well conserved and contain four characteristic cysteine residues which provide structure to the prepropeptide [3] . The antimicrobial domain varies significantly in length and amino acid composition, both within and amongst individual species [3] . This heterogeneity translates into a wide range of functions including antimicrobial activity against bacteria [4] , fungi [4] and enveloped viruses [3] , and immunomodulation involving immune cell chemotaxis and development, inflammatory pathways and wound healing [5] . The prepropeptide is stored within neutrophil granules and epithelial cells. Following secretion, the prepropeptide undergoes post-translational modification through the proteolytic cleavage of the antimicrobial domain, forming the mature active peptide [3] . Eutherian cathelicidins that contain paired cysteine residues, undergo additional modification involving the formation of disulfide bridges [3] . Given that the marsupial and monotreme cathelicidins tested here did not contain paired cysteine residues or disulfide bonds, they would not undergo this additional modification.
Marsupials and monotremes (e.g. the Australian native species, the platypus) are two unique lineages of mammals which differ from eutherian mammals such as human and mouse in a number ways, particularly in reproductive and developmental biology [6] . Marsupials have a very short gestation period of around 20-30 days [7] , after which they give birth to altricial young which are immunologically naïve [8] . Monotremes are the only egg-laying mammals, laying eggs around 21 days after mating which incubate for a further 10 days before altricial young emerge [9] . Both marsupial and monotreme neonates face intense pathogen pressure during early development within a pouch or burrow that contains abundant, diverse, microbial flora [10, 11] . Previous research revealed that cathelicidins expressed in the milk and pouch lining play a crucial role in protecting marsupial and monotreme young from harmful bacteria in the environment [12] [13] [14] [15] . This unique reproductive physiology has encouraged the expansion and diversification of cathelicidins in marsupials and monotremes, resulting in large repertoires of diverse peptides. For example, 12 cathelicidin genes have been identified in the genome of the grey short-tailed opossum (Monodelphis domestica) [16] and six in the Tasmanian devil (Sarcophilus harrisii) [15] , compared to only one in humans [17] .
Genome sequencing of the grey short-tailed opossum [18] , tammar wallaby (Macropus eugenii) [19] , Tasmanian devil [20] and platypus (Ornithorhynchus anatinus) [21] has revealed a total of 32 cathelicidin genes [12, 15, 16, 22] . Only 11 peptides derived from marsupial and monotreme cathelicidins have been tested for antimicrobial activity [13] [14] [15] , with seven showing broad-spectrum antibacterial activity, including against drug-resistant bacteria such as Klebsiella pneumoniae [13] , methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus faecalis (VRE) [15] . Immunomodulatory properties of marsupial cathelicidins have not yet been explored, but cathelicidins from eutherian mammals are known to induce maturation and migration of immune cells and are involved in wound healing [5] .
In this study we screened 15 previously untested cathelicidin peptides from tammar wallaby, opossum, platypus and echidna for antimicrobial activity against a range of clinically important bacteria and fungi isolated from humans and animals, and investigated whether there was an association between antimicrobial activity and peptide net charge, hydropathicity, alpha helicity, amphipathicity or sequence homology of all characterized peptides. We also assessed antimicrobial activity in the presence of potential inhibitors and tested for toxicity towards mammalian cells. This work will increase our understanding of the mechanism of action of marsupial and monotreme cathelicidins and their suitability for future development as anti-infectives.
METHODS
Cathelicidin sequences from the tammar wallaby, opossum and platypus available on the immunome database for marsupials and monotremes [23] and which had not been tested for antimicrobial activity were selected for study. BLAST searches were performed on a draft assembly of the echidna genome (kindly provided prior to publication by Guojie Zhang, University of Copenhagen) using previously isolated monotreme, marsupial and eutherian cathelicidins. Mature peptide sequences were predicted using ExPasy peptide cutter with neutrophil elastase (http://web.expasy.org/ peptide_cutter//) and synthesized by ChinaPeptides Co. Ltd. with >95 % purity ( Table 1) .
Mature peptide molecular weight and charge at pH7 were calculated using Protein Calculator v3.4 (http://protcalc. sourceforge.net/, May 2013). Hydrophobic percentage was calculated using Peptide 2.0 peptide hydrophobicity/hydrophilicity analysis (https://www.peptide2.com/N_peptide_ hydrophobicity_hydrophilicity.php, 2016). The grand average of hydropathicity (GRAVY) scores was calculated using ProtParam through the ExPasy server [24] . Kyte and Dolittle hydropathicity plots [25] and Deleage and Roux alpha helicity plots [26] , both with a window size of n=7, were conducted using ProtScale through the ExPasy server [24] .
Antimicrobial activity against a panel of bacteria and fungi was determined using a broth microdilution susceptibility assay as described previously [15] . Detailed methods are provided in the supplementary material. Antimicrobial activity was expressed as the minimum inhibitory concentration (MIC), defined as the lowest concentration of cathelicidin preventing visible bacteria growth after 24 h incubation for bacteria and 48 h for fungi. Cathelicidin mature peptides that displayed antimicrobial activity against more than one bacterial strain were included in subsequent assays. The effect of divalent cations, blood and fetal bovine serum (FBS) on antimicrobial activity was determined using the broth microdilution susceptibility assay, in MuellerHinton broth containing 12.5 mg l À1 magnesium chloride and 25 mg l À1 calcium chloride, 20 % whole bovine blood or 10 % FBS, respectively. Microbicidal kinetics were assessed by measuring membrane permeabilization of E. coli ATCC25922 and by performing a ModoCath4 time-kill assay against S. aureus ATCC29213, as ModoCath4 displayed the highest broad-spectrum antibacterial activity. Cytotoxicity of all 15 marsupial and monotreme mature peptides against bovine red blood cells (RBC) and MadinDarby bovine kidney (MDBK) cells was performed by Zoetis Inc. (Kalamazoo, MI, USA).
RESULTS AND DISCUSSION
Antimicrobial activity Fifteen peptides derived from tammar wallaby, grey shorttailed opossum, platypus and echidna cathelicidins were tested for antimicrobial activity against a range of bacteria and fungi (Table 1) . One intact cathelicidin gene was identified in the echidna genome, likely due to the draft status of the genome assembly. Three peptides, including opossum cathelicidin ModoCath4, tammar wallaby MaeuCath7 and echidna Taac-CATH1, displayed antimicrobial activity against the tested human and animal pathogens ( Table 2) . Modo-CATH4 demonstrated broad-spectrum activity against both Gram-negative and -positive bacteria, and was the only peptide with antifungal activity against Candida species (Table 2 ). Broad-spectrum activity is typical of cathelicidins from eutherian mammals [3] , and has been formerly observed with certain marsupial peptides such as Tasmanian devil Saha-CATH5 [15] and tammar wallaby MaeuCath1 [13] . Maeucath7 and Taac-CATH1 showed more narrowspectrum activity against S. pyogenes¸E. coli and S. aureus.
Both ModoCath4 and Taac-CATH1 inhibited the growth of MRSA at concentrations within the range reported for eutherian cathelicidins [27] . Taac-CATH1 was more effective against MRSA than Tasmanian devil Saha-CATH5, with a minimum inhibitory concentration (MIC) of 16 µg ml À1 (3.9 µM) [15] . MRSA is a pathogen of concern as it is a common cause of drug-resistant infections in hospitals and the community [1] . Treatment involves new-generation antibiotics, which are associated with extended hospitalization, increased cost and side effects [1] . The activity of human and chicken cathelicidins was not affected by resistance mechanisms which currently hamper traditional antibiotics [2, 27] . The effect of resistance mechanisms on marsupial and monotreme cathelicidins is unknown, but data from other species indicate the potential of cathelicidins as future antibiotics.
A number of cathelicidins from opossum, platypus and tammar wallaby did not display antimicrobial activity against any of the bacteria or fungi tested, up to a concentration of 64 µg ml À1 . While toxicity data support the membranolytic action of some peptides, others such as MaeuCath3 and OranCath6 may have immunomodulatory functions. The immunomodulatory activity of marsupial cathelicidins is unknown, but eutherian cathelicidins recruit immune cells to the site of infection, influence cytokine expression, modulate immune cell development and are involved in wound healing [28] .
Mechanism of antimicrobial activity
Marsupial and monotreme cathelicidins are similar to eutherian cathelicidins in that they attach to the bacterial cell membrane via electrostatic interaction [29, 30] . Divalent cations, such as calcium and magnesium, compete with positively charged cathelicidins for binding to negatively charged sites on the bacterial cell membrane and thereby interfere with cathelicidin antimicrobial activity [31] . Indeed, media supplementation with calcium and magnesium led to a reduction in antimicrobial activity of ModoCath4, MaeuCath7 and Taac-CATH1. MaeuCath7 was particularly sensitive, as the MIC increased 12-fold against E. coli ( Table 2 ). The MIC of ModoCath4 increased threefold and Taas-CATH1 doubled against the same strain ( Table 2 ). The antimicrobial activity of ModoCath4 and Taac-CATH1 against S. aureus was also reduced in the presence of divalent cations. Similar reductions in antimicrobial activity resulting from cation supplementation have been documented for ovine SMAP-29 [32] and bovine Bac5 and 7 [33] .
Following bacterial adherence, Modo-CATH4, MaeuCath7 and Taac-CATH1 permeabilize the bacterial membrane in a dose-dependent manner (Table 3) , consistent with the mechanism of action of a number of eutherian cathelicidins [4, 29] . Two models of cathelicidin membrane interaction have been described. In the barrel-stave model, amphipathic cathelicidin mature peptides insert into the membrane and form pores, with the hydrophobic face of the peptide interacting with the lipid component of the cell membrane. In the carpet model, cathelicidins cover the surface of the membrane leading to its destabilization and destruction [30] . At concentrations above the MIC, all three peptides rapidly permeabilize the E. coli ATCC 25922 membrane within 1 h of treatment (Table 3) . At high concentrations, ModoCath4 is bactericidal, as a 3.8 log 10 c.f.u. ml À1 reduction in bacterial growth was observed after 24 h (Fig. 1) . At concentrations at or below the MIC, all three peptides were slow acting and required up to 4 h to achieve >5 % membrane permeability (Table 3 ). This suggests that ModoCath4, MaeuCath7 and Taac-CATH1 are bacteriostatic at the MIC. In contrast, MaeuCath1 is bactericidal at the MIC, killing 99.9 % of K. pneumoniae within 15 min of treatment [13] . It is likely that the activity profile of Modo-CATH4, MaeuCath7 and Taac-CATH1 can be improved with peptide modifications, to achieve rapid bactericidal action at low concentrations.
Mature peptide structural properties such as amphipathicity, hydropathicity and cationic charge facilitate membrane permeabilization and bacterial killing [34] , and correlate with antimicrobial activity amongst eutherian cathelicidins [34] [35] [36] . The grand average of hydropathicity (GRAVY) score indicates the hydrophilic or hydrophobic nature of a peptide. MaeuCath7, ModoCath4 and Taac-CATH1 all had a negative GRAVY score and hence are hydrophilic (Table 1) . ModoCath4 was the most hydrophilic of the active cathelicidins, with a GRAVY score of À1.233, in agreement with the high percentage of cationic amino acid residues. However, the Kyte and Doolittle [25] hydropathicity plot in Fig. 2 panel A shows that while the N-terminal of MaeuCath7 and Taac-CATH1 is hydrophilic, the C-terminal is hydrophobic, suggesting these peptides are amphipathic. A similar pattern was evident when previously tested marsupial and monotreme cathelicidins were included in our analysis (Fig. S1 , available in the online Supplementary Material). For the remainder of this article, active cathelicidins refers to mature peptides that have displayed antimicrobial activity at or below 64 µg ml
À1
. Inactive cathelicidins refers to peptides that have not shown antimicrobial activity against any bacteria or fungi tested. Kyte and Doolittle hydropathicity plots of all marsupial and monotreme cathelicidins tested to date revealed that active cathelicidins had more hydrophobic residues at the C-terminal end of the peptide. Inactive cathelicidins generally had hydrophobic residues at the N-terminus or in the middle of the peptide. However, a number of cathelicidins did not conform to this pattern and contained hydrophobic sections at both the N and C-terminus (Fig. S1 ). Given this, amphipathicity does not correlate with antimicrobial activity but may be used as an indicator of antimicrobial potential, as it is required for membrane insertion and permeabilization of linear alpha helical peptides [30] .
Cationic charge has been correlated with antimicrobial activity, consistent with its promotion of electrostatic adherence to the pathogen cell membrane [35] . ModoCath4, MaeuCath7 and Taac-CATH1 all have a high cationic charge at pH7 ( Table 1 ) that would enable electrostatic binding to the negatively charged bacterial membrane. However, inactive cathelicidins ModoCath1, 9 and 11, and MaeuCath8 were also highly charged at pH7. Analysis of all marsupial and monotreme cathelicidins tested revealed that the percentage of cationic amino acid residues was significantly higher in antimicrobially active peptides than in inactive peptides (Mann-Whitney U test P=0.021) (Fig. 3) . Taken together, these results suggest that while charge at pH7 does not indicate activity, the cationic amino acid composition of the peptide can be used to predict antimicrobial potential amongst marsupial and monotreme cathelicidins.
Sequence homology and similarity has also been used to predict peptide function amongst other antimicrobial peptide families [37] . In general, marsupial and monotreme mature peptides are highly variable compared to their eutherian counterparts. Porcine cathelicidins share up to 94 % amino acid similarity in the mature peptide, while opossum cathelicidins share on average only 21 %. We found no correlation between mature peptide amino acid sequence and antimicrobial activity, as similarity amongst active marsupial and monotreme peptides ranged from 11 to 97 %. For example, Tasmanian devil Saha-CATH6 has broad-spectrum antimicrobial activity but was 40 % similar to inactive Saha-CATH4 [15] . On the other hand, platypus
OranCath1 and OranCath2 both show antimicrobial activity [13] yet were only 14 % similar at the amino acid level.
Sensitivity to inhibitors
Factors which influence the activity of eutherian cathelicidins include inhibitors such as serum and whole blood [32, 38] . Inhibitors present within an in vivo environment may interact with cathelicidins directly or interfere with bacterial adherence, thereby reducing or neutralizing antimicrobial activity. The echidna cathelicidin, Taac-CATH1, retained antimicrobial activity against E.coli in the presence of 10 % FBS ( Table 2 ), whereas that of ModoCath4 and MaeuCath7 was reduced, with an associated reduction in MIC (Table 2) . Human cathelicidin LL-37 activity is also reduced in the presence of serum, but the degree of inhibition is influenced by the serum source [39, 40] . For example, the apolipoprotein A-1 in human serum binds human cathelicidin LL-37, inhibiting its antibacterial and cytotoxic activity [38] , while this effect was not observed with FBS [39] . The activity of all three mature peptides was lost in the presence of 20 % whole mouse blood, with an increase in MIC to >160 µg ml À1 (>37 µM).
Physiological salt concentrations are also known to reduce the antimicrobial activity of cathelicidins. We did not test the effect of physiological salt concentrations, but previous work showed that tammar wallaby MaeuCath1 is unaffected by physiological NaCl concentrations (150-200 mM) and retains antibacterial activity [13] . Human cathelicidin LL-37 is inhibited by physiological salt concentrations, as is the case for many alpha helical antimicrobial peptides [41] . Given the promising results with MaeuCath1, salt sensitivity would be an interesting avenue for future research.
Toxicity
Non-specific toxicity towards mammalian cells is well documented for sheep, cattle and human cathelicidins [4, 29] . A number of physiochemical properties may contribute to haemolytic activity, including charge, alpha helicity and hydrophobic percentage [35, 36, 39, 40] . At 50 µM, MaeuCath7 was the most haemolytic, whilst Taac-CATH1 displayed the highest toxicity towards MDBK cells (Fig. 4) . This concentration is above the MIC for both peptides, and hence this result is not surprising as a number of eutherian cathelicidins are toxic to mammalian cells at very high concentrations [29, 42] . However, both ModoCath4 and Taac-CATH1 caused very low levels of lysis in both cell types at concentrations at or below the MIC. Non-specific toxicity of eutherian cathelicidins differs between cell types, in part due to membrane composition. At 50 µM, MaeuCath7 lysed 41 % of bovine red blood cells (RBC) but only 3.9%of MDBK cells. However, MaeuCath1 was not haemolytic towards human RBC, which highlights the spectrum of mammalian cell toxicity amongst tammar wallaby cathelicidins [13] . Species differences have also been observed, as ovine SMAP-29 was highly haemolytic against human but not ovine RBC [4] . Given this, future experiments should be conducted to determine toxicity against human RBC. Mammalian cell toxicity, especially haemolysis, has been linked with a high alpha helical content within the mature peptide [34] [35] [36] . According to the Deleage and Roux [26] alpha helicity plot, MaeuCath7, ModoCath4 and Taac-CATH1 all contain alpha helical structures at the N-terminus (Fig. 2) . ModoCath4 had no predicted alpha helical structures at the C-terminus, but additional helical regions were present in MaeuCath7 and Taac-CATH1 spanning amino acid resides 21-29 and 18-22, respectively. From this analysis it is evident that MaeuCath7 had the highest alpha helical content, which when combined with its amphipathic nature, most likely contributed to the high haemolysis observed.
When all marsupial and monotreme cathelicidins tested to date were included in our analysis, there was no significant correlation between mammalian cytotoxicity and any of the peptide features examined, including charge, cationic percentage, amphipathicity and alpha helicity. Both toxic and non-toxic marsupial and monotreme cathelicidins contained alpha helical structures, some of which were located at the N-terminus and were amphipathic (Fig. S2 ). Charge at pH7 varied amongst active and inactive cathelicidins (Table 1) and did not correlate with bovine RBC or MDBK cell lysis (Fig. 4) . Similarly, the percentage of cationic residues did not differ between haemolytic and non-haemolytic cathelicidins (Fig. 3) . The only exception was percentage hydrophobicity, where non-haemolytic peptides appeared to have a higher proportion of hydrophobic residues than haemolytic peptides (Mann-Whitney U test, P=0.087) (Fig. 3) .
Interestingly, opossum cathelicidins ModoCath1, 2, 5, 6, 11 and 12 which did not display antimicrobial activity were toxic to mammalian cells. Of all the peptides tested, ModoCath5 produced the highest level of MDBK cell lysis at 50 µM and was more haemolytic than ModoCath4 and Taac-CATH1. Similarly, ModoCath1, 2, 6, 11 and 12 were also toxic to mammalian cells at 25 or 50 µM. However, toxicity was tested at concentrations 2-3 times higher than the antimicrobial susceptibility assay. As such, these peptides may have microbicidal activity at very high concentrations, although testing for activity at this level, combined with likely toxicity, may not produce meaningful results.
Alternatively, the six opossum cathelicidins may be active against bacteria or fungi not included in our assays. This is supported by the toxicity data, which reveal the membranolytic activity of the peptides despite their apparent lack of antimicrobial activity. Marsupial microbiomes contain diverse and complex microbial flora, many of which are novel or uncharacterized species that display less than 97 % similarity to known bacteria [10, [43] [44] [45] . In the tammar wallaby pouch microbiome a quarter of phylotypes could not be assigned to a known genus [10] , and 83 % of phylotypes from the urogenital microbiome were unidentified species [44] . Given host-pathogen co-evolution and the expression of marsupial cathelicidins at these sites, ModoCath1, 2, 5, 6, 11 and 12 may have evolved activity towards novel bacteria. As a result, they may have different activity towards bacteria isolated from marsupials compared to eutherian mammals, which would provide an interesting avenue for future research.
Conclusions
In conclusion, marsupial cathelicidins ModoCath4 and MaeuCath7, and echidna Taac-CATH1 are cationic, helical amphipathic peptides with antimicrobial activity against bacteria and fungi, including MRSA. The mechanism of bacterial adherence and killing is similar to that of eutherian cathelicidins, and antimicrobial activity is reduced in the presence of serum, blood and divalent cations. Toxicity to mammalian cells was observed at high concentrations, and may be caused by structural characteristics of mature peptides that may be chemically modified to improve specificity.
Following the analysis of all marsupial and monotreme cathelicidins tested to date, we conclude that there is no apparent correlation between antimicrobial activity and peptide net charge, helical content, hydropathicity, amphipathicity or sequence homology. As such, it is unlikely that these parameters can be used to predict marsupial and monotreme cathelicidin mature peptide activity, but rather large-scale screening will be required. Future work should include functional assays to understand the physiological roles of ModoCath1 to 3 and 5 to 12, MaeuCath3 and 8, and platypus OranCath6 which did not display antimicrobial activity. Given the immunomodulatory properties of cathelicidins from eutherian mammals, marsupial and monotreme peptides may also be capable of influencing immune cell maturation and chemotaxis. 
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